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1. Abstract
Transcranial direct current stimulation (tDCS) has been reported to improve various forms of learning in
humans. Stimulation is often applied during training, producing lasting enhancements that are specific to the
learned task. These learning effects are thought be mediated by altered synaptic plasticity. However, the effects
of DCS during the induction of endogenous synaptic plasticity remain largely unexplored. To model
endogenous plasticity I induced long-term potentiation (LTP) and depression (LTD) at Schaffer collateral
synapses in CA1 of rat hippocampal slices. When induction was paired with concurrent DCS, the resulting
plasticity was biased towards potentiation, such that LTP was enhanced and LTD was reduced. Remarkably,
both anodal and cathodal stimulation can produce these effects, depending on the dendritic location of plasticity
induction. DCS did not affect synapses that were weakly active or when NMDA receptors were blocked,
suggesting a sensitivity for active synapses that are already undergoing endogenous plasticity. These results
highlight the role of DCS as a modulator, rather than inducer of synaptic plasticity, as well as the complex
dependence of DCS effects on the spatial and temporal properties of endogenous synaptic activity.

2. Introduction
Transcranial direct current stimulation (tDCS) applies a weak constant current of 2 mA or less across the
scalp. This apparently simple technique is currently under investigation for a wide variety of conditions,
including psychiatric disorders, neurorehabilitation and cognitive enhancement [1]–[3]. Stimulation is often
paired with a training task, leading to task-specific enhancements in learning performance [1], [4]. Despite the
4

observation of pharmacological, neuro-physiological and imaging effects in humans [5] and animals [6], a
coherent picture of the relevant cellular mechanisms is yet to emerge.
Learning and memory are thought to be mediated by synaptic plasticity [7] and training paradigms in
humans presumably influence learning by inducing plasticity [8]. Despite the common practice of applying
tDCS during training, cellular effects of DCS applied during endogenous plasticity induction remain largely
unexplored. Instead, the majority of research has analyzed effects when DCS precedes plasticity induction [9]–
[11], or is paired with endogenous activity otherwise not known to induce plasticity [12]–[14]. Here I am
interested in the effects of DCS applied during training, i.e. concurrent with synaptic plasticity induction. As a
model of endogenous synaptic plasticity, I induced long-term potentiation (LTP) and depression (LTD) using
canonical protocols (pulse trains delivered to Schaffer collateral synapses in CA1 of rat hippocampal slices). By
sweeping across induction frequencies I capture a frequency-response function (FRF), which has been widely
used to study the predictions of the Bienenstock, Cooper and Munro (BCM) theory of synaptic plasticity. Here I
show that DCS can shift the FRF, facilitating LTP and diminishing LTD, similar to BCM-like metaplasticity
[15].
A prevailing mechanistic explanation is that tDCS produces shifts in cortical excitability, with anodal
stimulation increasing excitability and cathodal stimulation decreasing excitability [5]. This excitability
hypothesis is rooted in physiological evidence that DCS modulates membrane potential at neuronal somas,
leading to changes in firing rate and timing [16]–[20]. Based on these observations, anodal and cathodal tDCS
are often assumed to produce LTP and LTD-like effects, respectively, for an entire brain region [21]–[24].
However, this reasoning ignores the gradient of membrane polarization induced in any neuron during DCS and
the role of endogenous synaptic activity in determining effects.
Here I show that DCS effects vary greatly within a small population of neurons, depending on dendritic
location and endogenous synaptic activity. Both anodal and cathodal DCS facilitated LTP, but in different
dendritic compartments. Moreover, when paired with LTD, DCS effects were independent of polarity. Both
5

anodal and cathodal DCS reduced LTD in the same dendritic compartment. Finally, I show that DCS did not
induce plasticity, but rather acted only as a modulator of endogenous synaptic plasticity. These results motivate
a more nuanced approach, which accounts for the properties of endogenous synaptic activity in predicting DCS
effects.

3. Transcranial direct current stimulation
3.1 Overview
The common thread among tDCS applications in humans is the passage of weak (< 2 mA) direct electric current
between electrodes placed on the scalp [25]. The rationale is that some current will reach the brain and
influence cognitive function. Within this general paradigm, a large number of parameters have been shown to
influence stimulation outcomes, including the subject's cognitive load [4], [26], the electrode placement [27],
and the stimulation timing [28], duration, and intensity [27]. While the precise mechanisms for cognitive
effects of tDCS remain poorly understood, it is widely thought that stimulation acts by polarizing neuronal
membranes, thereby modulating neuronal excitability [21], [24], [25].
Seminal work in the early 2000s showed that tDCS could modulate motor evoked potentials (MEPs), a
metric considered to reflect the excitability of motor neuron pools in the primary motor cortex (M1) [27]. A
positive electrode (anode) placed over the primary motor cortex (M1) enhanced motor evoked potentials, while
a negative electrode (cathode) over M1 diminished motor evoked potentials. These results were interpreted as
evidence that tDCS could modulate the excitability of stimulated cortical regions. Subsequent work
demonstrated that modulation of MEPs could last for over an hour after stimulation, depending on the duration
and intensity of stimulation [29]. These early results sparked interest in tDCS as a tool to produce long-term
neuromodulatory effects, leading to explorations of tDCS as a treatment for a range of neurological disorders
and for the modulation of baseline cognitive functions [1], [3].
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3.2 Effects on learning
tDCS has been shown to modulate various forms of learning [1], making it an attractive tool for
cognitive enhancement. Early work demonstrated that anodal stimulation over M1 could improve implicit
motor learning [30], which was later shown to improve motor skill acquisition when combined with training
over multiple days [31]. Kincses et al. demonstrated one of the first non-motor effects of tDCS on learning, by
showing anodal stimulation of the prefrontal cortex improved probabilistic classification learning [32]. tDCS
effects have since been extended to language learning [33] and object recognition [34], [35]. A common
paradigm is to apply stimulation over brain areas thought to be involved in the type of learning in the hopes that
excitability changes modulate performance. However this idea is likely an oversimplification, as many studies
report no effects of cathodal stimulation [36] or inhibition of learning with anodal stimulation [37], which run
counter to the excitability hypothesis
Long-term learning and memory are thought be driven by synaptic plasticity, and there is now strong
evidence for this from various animal models [38]–[42]. This has led to speculation that long-term effects of
tDCS, may be similarly driven by altered synaptic plasticity [24]. The most well characterized cellular effect of
tDCS is the membrane polarization that it induces, which is indeed cited as the source of exctiability changes
observed in humans [21]. However, polarization of various neuronal compartments can influence synaptic
plasticity through multiple complex mechanisms, perhaps explaining the variability of tDCS effects on learning.
Although there is some evidence linking tDCS to synaptic plasticity, the precise cellular mechanisms that
underlie tDCS effects on learning remain poorly understood. A better understanding of these mechanisms
would help to improve and predict learning outcomes in humans.

4. Direct current stimulation and synaptic plasticity
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4.1 NMDA receptor
Early theoretical work recognized that patterns of neural activity, and therefore memories, could be
stored via changes in synaptic strength. Donald Hebb famously proposed that this synaptic plasticity might
occur in response to correlated firing between pre and post-synaptic neurons [43]. The NMDA receptor
(NMDAR) is uniquely suited to act as a detector of this correlated activity. At hyperpolarized membrane
potentials the NMDAR channel pore is blocked by magnesium ions, allowing it to only open in response to
simultaneous glutamate binding (presynaptic requirement) and postsynaptic depolarization (postsynaptic
requirement)[44]. Indeed, long-term potentiation (LTP) and long-term depression (LTD), canonical models of
synaptic plasticity, have been shown to be NMDAR-dependent at many synapses throughout the brain [45].
Moreover, blockade of NMDARs with pharmacological agents leads to deficits in multiple types of learning
and memory [46], [47].
The NMDAR has been implicated in tDCS effects since the early 2000s when Nitsche et al. showed that
long-term effects on MEPs were blocked by administration of an NMDAR antagonist [48]. This idea has been
corroborated by a handful of animal studies showing that DCS modulates synaptic plasticity and that these
effects were NMDAR-dependent [11], [12], [14]. However, an important limitation of these studies is that they
show NMDAR-dependence by blocking NMDARs, which abolishes plasticity altogether. This makes it
difficult to pinpoint precisely how DCS influences NMDAR-dependent plasticity.
DCS is known to modulate neuronal membrane potential [16], [17], [19], [49], [50]. Given the
dependence of NMDAR current on membrane potential, this polarization is often cited as the source of tDCS
plasticity effects. However, the connection between DCS-induced membrane polarization and NMDARdependent has yet to be demonstrated directly. Moreover, neurons during DCS do not experience a singular
shift in membrane potential throughout their morphology. Rather, neuronal processes closest to the cathode
will be depolarized, while those closest to the anode will be hyperpolarized, with a gradient of polarization in
between [16], [49]–[51]. During DCS any neuron will simultaneously experience both hyperpolarization and
8

depolarization in different compartments, depending on the neuronal morphology and orientation relative to the
electric field [51]. Thus, different neuronal compartments will experience different polarization and can make
antagonistic contributions to NMDAR activity.

4.2 Compartmentalized membrane polarization
DCS has been shown to modulate the membrane potential at pyramidal neuron somas in both
hippocampus and cortex [16], [17], [19], leading to changes in both firing rate and timing [18], [20], [52]. This
is thought to result in the excitability changes observed during early work on the neurophysiology of tDCS in
humans [27]. While NMDARs are primarily distributed throughout the dendritic arbor [53], rather than near the
soma, NMDAR-dependent plasticity is sensitive to somatic firing, as action potentials can back-propagate to
dendrites. If appropriately timed with presynaptic input, these back-propagating action potentials (bAP) can
provide the depolarization that opens NMDARs and initiates intracellular synaptic plasticity cascades [54]. It
follows that DCS-induced somatic polarization, and the resulting modulation of somatic firing should modulate
NMDAR-dependent synaptic plasticity.
Concurrent with somatic polarization, pyramidal neuron dendrites are also polarized by DCS [16], [49].
Given that NMDARs are sensitive to dendritic membrane potential, this polarization may directly influence
NMDAR current. Moreover, dendritic membrane potential dynamics are critical to the fidelity of bAP
propagation through the dendritic tree [53]. Importantly, pyramidal neuron apical dendrites will experience an
opposite polarization from the soma and basal dendrites [16], [49]. Therefore DCS may simultaneously
produce dendritic and somatic effects that are antagonistic from the perspective of NMDARs. For example,
canonical anodal stimulation of the cortex depolarizes pyramidal neuron somas, but hyperpolarizes their apical
dendrites. Somatic depolarization would tend to increase NMDAR activity by raising the probability of bAPs
coincident with presynaptic input [54]. However, hyperpolarization of apical dendrites opposes NMDAR
activity, both directly [55] and through inhibition of bAP propagation through dendrites [56]. Somatic and
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dendritic membrane polarization may therefore influence NMDAR activity and synaptic plasticity through
highly nonlinear interactions that have yet to be studied.
In addition to postsynaptic dendrites and somas, DCS will also polarize presynaptic neuronal somas and
axon terminals [51], [57]. Polarization of somas can modulate the rate of presynaptic transmitter release via
changes in firing rate. This could in turn influence NMDAR current by affecting temporal summation of
synaptic currents and the probability that presynaptic glutamate release precedes a bAP. Polarization of axon
terminals can modulate the magnitude of each release event by affecting release probability [13], [57], which
can similarly influence NMDAR currents through synaptically driven depolarization. Importantly, presynaptic
axon terminals can be polarized independently of their postsynaptic counterparts (somas and dendrites) [51],
potentially producing further antagonistic effects. Moreover, DCS can simultaneously polarize multiple
presynaptic neurons converging on the same postsynaptic neuron, potentially amplifying effects.
The DCS effects on various pre and postsynaptic compartments likely interact in complex nonlinear
ways to contribute to NMDAR activity and the induction of synaptic plasticity. Moreover, this interaction is
likely not static, but rather a dynamic function of the endogenous neural activity at the time of stimulation.
Given the relatively weak degree of DCS-induced polarization (< 1 mV in cortex)[51], DCS likely acts via
modulation of endogenous activity, making active compartments more sensitive to DCS effects [58].
Moreover, some types of plasticity induction depend more on somatic membrane potential, while others depend
more on dendritic membrane potential [59]. The effects of DCS-induced somatic and dendritic polarization is
are therefore also likely shift between plasticity induction patterns.
While neuronal polarization is often speculated to be the source of tDCS effects on plasticity, no studies
have directly examined this idea. Moreover, the distinction is rarely made between polarization of various
neuronal compartments, removing a critical nuance from mechanistic discussions of tDCS. The polarization of
different neuronal compartments, the interaction between compartment-specific effects, and their dependence

10

on endogenous neural activity in producing synaptic plasticity outcomes remain important areas for future
research.

4.3 BDNF
BDNF is a critical neurotrophic factor during development and has more recently been investigated for
its role in adult and juvenile synaptic plasticity. The mechanisms by which BDNF influences plasticity during
normal brain function remain unclear, but BDNF appears to reduce LTD, facilitate LTP, and be involved in the
maintenance of late, protein synthesis dependent forms of LTP (L-LTP) [60]. Multiple studies have implicated
a role for BDNF in mediating effects of DCS on synaptic plasticity [9], [10], [12]. Fritsch et al. first showed
that induction of DCS-induced LTP was BDNF-dependent and correlated with increased activation of the
BDNF receptor TrkB [12]. Moreover, they showed that people with a polymorphism in a BDNF gene that
reduces BDNF expression experienced diminished effects of tDCS on learning. More recently, Podda et al.
showed DCS led to epigenetic modifications of BDNF promoter sequences, increased BDNF production,
enhanced LTP, and improved hippocampal dependent memory [9].
Similar to NMDAR-dependent effects, it remains unclear precisely how DCS influences BDNF activity.
BDNF can be released in response to standard LTP induction protocols, dependent on postsynaptic membrane
depolarization and calcium influx [61], [62]. DCS may therefore affect BDNF indirectly, perhaps by
modulating NMDAR. In this case, the relevant parameters for determining DCS effects on BDNF would be the
same as for NMDARs. However, DCS could produce similar effects by acting on any process that is upstream
of BDNF release in the cascade of events that produces plasticity. It will therefore be important for future
research identify this point of action to optimize effects on synaptic plasticity.

4.4 Astrocytic calcium elevations
While astrocytes were originally thought to play a maintenance role at synapses, more recent evidence
suggests that they are critical information processors and mediators of synaptic plasticity [63]. These
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discoveries have led to the concept of a tripartite synapse, in which astrocytic, presynaptic, and postsynaptic
compartments cooperate to process synaptic information [64]. Intracellular calcium levels in astrocytes appear
to regulate the release of various gliotransmitters, which in term can regulate various pre and post-synaptic
processes like neurotransmitter release and NMDAR activity [63].
A recent study in vivo study from Monai et al. demonstrated large tDCS-induced calcium elevations in
cortical astrocytes [14]. They show further that tDCS induced LTP of evoked potentials and neuronal calcium
signals in visual and barrel cortex. AStrocytic calcium signals require activation of alpha-1 adrenergic receptors
(A1ARs) and intracellular inositol triphosphate type 2 (IP3R2) to release calcium from intracellular stores [65]–
[67]. The authors disrupt this signaling via A1AR antagonists and IP3R2 knockout to show that tDCS effects
are also removed. However, their conclusion that tDCS induces plasticity by modulating adrenergic input to
astrocytes is faulty. Their manipulations abolish astrocytic calcium signals and NMDAR-dependent plasticity
altogether [66]. tDCS could therefore act at any other point in the molecular pathways that govern these
processes and one would still expect to see abolishment of all calcium elevations and NMDAR-dependent
plasticity. While A1AR-dependent calcium elevations in glia are compelling effect of tDCS, it remains unclear
how this effect is produced. A plausible mechanism that the authors mention is that DCS may modulate the
release of noradrenaline by polarizing adrenergic axon terminals in the cortex or the somas of adrenergic
neurons originating in the locus coeruleus. However no evidence is provided for these hypotheses, warranting
further investigation.

4.5 Adenosine
Marquez-Ruiz et al. were able to modulate evoked responses and eye-blink conditioning with tDCS in
awake rabbits [13]. Cathodal stimulation induced LTD of evoked responses, while anodal stimulation did not
induce plasticity. Motivated by much earlier work that had shown effects of DCS on adenosine elicited cAMP
accumulation [68], the authors blocked A1 adenosine receptors (A1AdRs) and found that the cathodal-induced
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LTD was also blocked. Interestingly the authors also found that tDCS modulated paired-pulse ratio during
stimulation, indicating that tDCS might alter presynaptic release probability [69]. Little is known however
about the mechanisms of adenosine release or the role of A1 adenosine receptors in LTD [70], again making it
difficult to infer how tDCS might exert these effects

5. Open questions
tDCS has shown promise as a powerful tool for cognitive therapy and enhancement [1], [3]. However,
clinical results have been highly variable between studies and individuals, making it difficult to predict the
efficacy of a given tDCS intervention and leading some to question its efficacy altogether [71]. Presumably,
we can optimize stimulation outcomes and make results more predictable through a firmer understanding of the
mechanisms by which tDCS produces long-term effects.
Effects on learning and memory are of particular interest in cognitive tDCS therapies, and synaptic plasticity
is thought to be a fundamental mechanism that underlies such learning and memory [72]. Multiple studies have
found DCS effects on synaptic plasticity in animals [9]–[14], and synaptic plasticity-like effects in humans [29],
[48], making synaptic plasticity a promising target for tDCS therapies.
tDCS effects are presumably derived from the weak electric field that it induces in brain tissue. The
parameters of this electric field (i.e. intensity and polarity, timing and duration, location and orientation) are the
principal tool at the disposal of clinicians in controlling stimulation outcomes. To facilitate parameter choice in
the clinical setting, it is therefore prudent to find direct links between DCS-induced electric fields and effects on
synaptic plasticity. While a few studies have demonstrated phenomenological effects on synaptic plasticity,
none have provided such a direct mechanistic link. This makes it difficult to develop a coherent mechanistic
framework and extrapolate these results to different stimulation parameters, species (e.g. from rodents to
humans), or endogenous states (e.g. during training or rest). For example, the demonstration of NMDAR,
BDNF, A1AR, or A1AdR dependent effects that are discussed here provide little mechanistic insight into
13

whether the DCS electric field is acting directly on these signaling systems. This leaves little basis for
predicting whether these effects would hold under different conditions, such as if the electric field were rotated
in brain slice studies, or tDCS was applied to freely exploring animals during in vivo studies, or most
importantly, in humans.
Membrane polarization of neuronal compartments is a principal and well-characterized effect of electric
fields on brain tissue [16], [17], [19], [49]–[51]. Given the crucial role that membrane potential plays in many
plasticity related processes [45], [54], [55], membrane polarization provides a potential point of interaction
between the DCS electric field and synaptic plasticity processes. While often speculated about, this hypothesis
is yet to be examined directly, providing an interesting direction for future research. DCS is known polarize
multiple neuronal compartments simultaneously (e.g. dendrites, somas, axon terminals), having potentially
synergistic or antagonistic influences on synaptic plasticity. It will therefore be crucial to determine how the
polarization these compartments dynamically interact to produce an overall outcome on plasticity.
tDCS induces modest membrane polarization (< 1 mV), resulting from modest electric fields (< 1 V/m)
[51]. As such, tDCS is considered to be a modulatory technique [21]. Supporting this notion, effects depend on
the cognitive load [4], [26], [73] and endogenous neural activity that stimulation is paired with [12]. However,
little attempt has been made to systematically investigate how endogenous neuronal activity factors into DCS
effects on synaptic plasticity.
Many training paradigms in humans presumably influence learning by inducing plasticity [8]. Despite the
common practice of applying tDCS during training, cellular effects of DCS applied during endogenous
plasticity induction remain largely unexplored. Instead, the majority of research has analyzed effects when
DCS precedes plasticity induction [9]–[11], or is paired with endogenous activity otherwise not known to
induce plasticity [12]–[14]. A potential direction for future research would therefore be to characterize the
interactions between polarized neuronal compartments during varying patterns of pre and post-synaptic activity,
particularly those that induce plasticity.
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6. Methods
All animal experiments were carried out in accordance with guidelines and protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at The City College of New York, CUNY (Protocol
No: 846.3).

6.1 Brain slice preparation
Hippocampal brain slices were prepared from male Wistar rats aged 3–5 weeks old, which were deeply
anaesthetized with ketamine (7.4 mg kg−1) and xylazine (0.7 mg kg−1) applied I.P., and killed by cervical
dislocation. The brain was quickly removed and immersed in chilled (2–6°C) artificial cerebrospinal fluid
(ACSF) containing (in mM): NaCl, 125; KCl, 4.4; NaH2PO4, 1; MgSO4, 1.5; CaCl, 2.5; NaHCO3, 26; D-glucose,
10; bubbled with a mixture of 95% O2–5% CO2. Transverse slices (400 μm thick) were cut using a vibrating
microtome (Campden Instruments) and transferred to a holding chamber for at least 1 h at ambient temperature.
Slices were then transferred to a fluid–gas interface chamber (Harvard Apparatus) perfused with warmed ACSF
(30.0 ± 0.1°C) at 1.0 ml min−1. The humidified atmosphere over the slices was saturated with a mixture of 95%
O2–5% CO2. Recordings started 2–3 h after dissection.

6.2 Evoked responses
Field excitatory postsynaptic potentials (fEPSPs) were evoked using a platinum-iridium bipolar
stimulating electrode placed in either stratum radiatum or stratum oriens of CA1. Recording electrodes made
from glass micropipettes pulled by a Sutter Instruments P-97 and filled with ACSF (resistance 1–8 MΩ), were
placed in either stratum radiatum or stratum oriens approximately 250 μm from the stimulating electrode in
CA1 to record fEPSPs. fEPSPs were quantified by the average initial slope, taken during the first 0.5
milliseconds after the onset of the fEPSP. Stimulus intensity was set to evoke fEPSPs with 40% of the
15

maximum slope, which was determined at the onset of recording. Stable baseline fEPSPs were recorded every
minute for at least 20 minutes before any plasticity induction was applied. fEPSPs were then recorded again
every minute for 60 minutes after plasticity induction.

6.3 Direct current stimulation
DCS was applied between two parallel Ag-AgCl wires (1 mm in diameter and 12 mm in length) placed
in the bath on opposite sides of the brain slice separated by 10 mm with the recording site approximately
equidistant from each wire. DCS wires were connected to a current-controlled analog stimulus isolator (A-M
Systems) that was controlled by PowerLab hardware and LabChart software (AD Instruments). Slices were
oriented such that the somato-dendritic axis of CA1 pyramidal neurons was parallel to the electric field between
the DCS wires (Figure 1A). Before each recording, DCS current intensity was calibrated to produce a 20 V/m
electric field across each slice (typically 100 - 200 μA) by adjusting the current so that two recording electrodes
separated by 0.8 mm in the slice measured a voltage difference of 16 mV (16 mV/0.8 mm = 20 V/m).

6.4 NMDA receptor antagonist
For NMDAR antagonist experiments, 100 μM MK-801 (Sigma Aldrich) was included in the ACSF
perfused in the recording chamber throughout the experiment. Because MK-801 is an open channel blocker,
baseline fEPSPs were recorded for at least 40 minutes to ensure complete blockade of NMDAR channels [74].

6.5 Data acquisition and analysis
Data acquisition and stimulation waveforms were controlled with PowerLab hardware and LabChart
software (AD Systems). Extracellular fEPSPs were amplified (100x), low pass filtered (3 kHz), and digitized
(10 kHz). Synaptic plasticity was quantified for each slice by taking the average of the last ten fEPSP slopes
(51-60 minutes after plasticity induction) and normalizing to the average of baseline fEPSP slopes (20-1
16

minutes before plasticity induction). Two-tailed student's t-tests were used to determine the significance of
differences in synaptic plasticity between conditions, with p < 0.05 considered significant.

6.5 Stimulation polarity
Here I name the polarity of stimulation based on the orientation of DCS relative to pyramidal neurons.
Following convention in human tDCS, DCS with the anode closer to CA1 apical dendrites is referred to as
anodal stimulation. Conversely, DCS with the cathode closer to CA1 apical dendrites is referred to cathodal
stimulation. Importantly, apical dendrites are polarized oppositely from basal dendrites and somas, regardless
of DCS polarity [16], [51], [75]. So anodal DCS will depolarize somas and basal dendrites, while
hyperpolarizing apical dendrites. Conversely, cathodal DCS will hyperpolarize somas and basal dendrites,
while depolarizing apical dendrites (Figure 1A).

6.6 Analysis of acute effects
Acute effects were determined based on the first response (two responses for paired pulse data) during
DCS and were normalized to the average of baseline responses. Fiber volley amplitude was taken as the
difference between the trough of the fiber volley and the mean of the two surrounding peaks. Paired pulse ratio
was taken as ratio of the second and first fEPSP slopes during 20 Hz HFS (50 ms inter-pulse interval) in each
condition.

7. Results
7.1 DCS shifts the frequency-response function
Trains of synaptic activity have conventionally been used to induce synaptic plasticity in hippocampal
slices [45]. As a model of endogenous synaptic plasticity, trains of 900 pulses at varying frequencies (0.5, 1, 5,
20 Hz) were applied to the Schaffer collateral pathway synapsing on CA1 apical dendrites. Low frequency
17

stimulation (LFS) generated LTD (0.5 Hz: 84.1±2.7%, p<0.001, n=10; 1 Hz: 78.9±2.9%, p<0.0001, n=9), while
high frequency stimulation (HFS) generated LTP (20 Hz: 114.1±2.7%, p<0.001, n=13), and an intermediate
frequency marked the transition between LTD and LTP (5 Hz: 95.9±3.7%, p=0.30, n=9). The resulting FRF
(Figure 1B) maps the degree of synaptic activity during induction to the degree of resulting synaptic plasticity
and is consistent with existing literature [15].
DCS was then applied during plasticity induction at each frequency. Our group's previous experiments
with the present preparation demonstrate that cathodal DCS depolarizes CA1 apical dendrites (Figure 1A;
Bikson et al. 2004, figure 10), and was therefore expected to facilitate LTP in this dendritic region [45]. DCS
significantly attenuated LTD induced by 0.5 Hz (Figure 1C; 97.5±5.9%, p = 0.04, n = 8) and 1 Hz LFS (Figure
1D; 89.2±3.1%, p = 0.03, n = 10) and enhanced LTP induced by 20 Hz HFS (Figure 1F; 128.8±4.7%, p = 0.01,
n = 14). The DCS effect at 5 Hz trended towards significance (Figure 1E; 102.3±2.2%, p = 0.14, n = 11),
consistent with smaller effects observed previously at the threshold between LTP and LTD [76]–[78]. The
resulting DCS FRF was significantly shifted compared to control (F=17.93, df=1, p<0.0001). Similar shifts of
the FRF have been associated with enhanced learning in cortex [15], [79].
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Figure 1. DCS shifts synaptic plasticity in apical dendrites towards potentiation. A: Schematic depicts
cathodal DCS of a hippocampal slice, with expected membrane polarization of CA1 pyramidal neuron
(enlarged at right; prediction based on computational model as in Rahman et al. 2013). Arrow indicates the
direction of positive current flow between electric field wires placed in the recording chamber (horizontal bars
above and below hippocampal slice). B: Cathodal DCS (blue) shifts the BCM-like frequency-response function
towards potentiation. C-F: DCS applied during plasticity-inducing LFS attenuated LTD (C,D) and enhanced
LTP (F), but the effect was not significant near the crossover point between LTD and LTP (E). Sample fEPSP
traces are provided for each condition (grey/black: before/after control; light blue/blue: before/after cathodal;
scale bars: 1 mV, 4 ms). Synaptic strength in (B) is the average of the last ten normalized fEPSP slopes in each
condition (51-60 minutes post-induction). Grey bars indicate the duration of plasticity induction and concurrent
DCS. Data are represented as mean ± SEM across slices. * = p < 0.05.

7.2 DCS effects on LTP depend on dendritic location
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DCS is known to modulate the membrane potential of neuronal compartments [16], [19], [50], [51], [75]
and dendritic membrane potential is known to be a critical determinant of NMDAR-dependent plasticity [45].
Other DCS effects in humans and animals have been shown to be NMDAR-dependent, and it is widely
speculated that tDCS exerts long-term effects through membrane polarization and NMDARs [24]. An
important subtlety that is often lost in this discussion is that DCS will simultaneously depolarize and
hyperpolarize different compartments within the same neuron. Indeed, previous work from our own group with
a similar experimental setup showed that cathodal DCS simultaneously depolarizes CA1 apical dendrites while
hyperpolarizing their basal dendrites and soma. Conversely, anodal DCS hyperpolarizes CA1 apical dendrites
while depolarizing their basal dendrites and soma [16]. I therefore expected that the effects of anodal and
cathodal stimulation would vary with dendritic location. To test this I paired both anodal and cathodal DCS
with 20 Hz HFS in both CA1 apical and basal dendrites. In apical dendrites, cathodal DCS enhanced LTP,
while anodal DCS had no significant effect (Figure 2C,D; control: 114.1±2.7%,n=13; cathodal:
128.8±4.7%,p=0.01,n=14; anodal: 111.7±4.5%,p=0.63, n=8). In basal dendrites, anodal DCS now enhanced
LTP while cathodal DCS had no significant effect (Figure 2E,F; control: 148.6±3.6%,n=10;
cathodal:142.5±5.2%, p=0.34,n=10; anodal: 180.4±9.1%, p<0.01,n=5). As expected, the effects of anodal and
cathodal DCS were dependent on dendritic location.

7.3 DCS effects are polarity dependent for LTP but not LTD
Anodal and cathodal DCS apply stimulation with opposite polarity and are canonically expected to
produce opposite effects [25]. As reported above, I find that cathodal and anodal DCS have asymmetric effects
on LTP for a given dendritic location. Moreover, when paired with 1Hz LFS I observe no polarity dependence
of effects. LTD is reduced by both anodal and cathodal DCS, i.e. synaptic strength is increased compared to
control (Figure 2G,H; control: 78.9±2.9%,n=9; cathodal: 89.2±3.1%,p=0.03,n=10; anodal:
95.6±5.9%,n=8,p=0.04). These results reveal that modulation of synaptic plasticity by DCS depends on both
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the physical location of concurrently active synapses (basal or apical dendrites) and the rate of their activity
(LFS or HFS) (Figure 2B).

Figure 2. Mixed of effects of anodal and cathodal DCS. A: Schematic depicts anodal (red) and cathodal
(blue) DCS of a hippocampal slice. Arrows indicate the direction of positive current flow between DCS
electrodes. Reconstruction of a CA1 pyramidal neuron with dendritic compartments labeled at right. B:
Modulation of synaptic plasticity depends on polarity, dendritic location and rate of plasticity induction. C-D:
In apical dendrites cathodal DCS enhances LTP, but anodal has no significant effect. E-F: Changing dendritic
location to basal dendrites, anodal DCS now enhances LTP, but cathodal DCS has no effect. G-H: Changing
induction frequency to 1 Hz LFS (in apical dendrites), both anodal and cathodal reduce LTD. C-H: Example
traces for each condition are given in the center of each column (grey/light blue/pink traces are before plasticity
induction; black/blue/red traces are after plasticity induction; scale bars: 1 mV, 4 ms). Insets depict the
reconstructed CA1 pyramidal neuron in (A) with expected membrane polarization (prediction based on
computational model as in Rahman et al. 2013), induction and recording sites, and orientation of DCS electric
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field. Grey bars indicate the duration of plasticity induction and concurrent DCS. Plasticity modulation in (B) is
the resulting plasticity in each DCS condition normalized to the mean of the plasticity in the corresponding
control condition. Data are represented as mean ± SEM across slices. * = p < 0.05.

7.4 DCS effects require a concurrent endogenous source of NMDAR plasticity
tDCS is often applied under the assumption that stimulation alone is sufficient to induce plasticity [5],
[6], [23]. However, given the modest effects on membrane potential for typical stimulation intensities [19],
[51], [75], I propose that DCS instead acts as a modulator of NMDAR plasticity. DCS would therefore require
a concurrent endogenous source of plasticity to modulate. To test this requirement I again applied cathodal
DCS, but removed endogenous NMDAR-dependent plasticity in two ways: first by weakening synaptic activity
to well below the plasticity threshold, and second by directly blocking NMDAR current during strong synaptic
activity. When applied during weak synaptic activity (30 pulses, 1/60 Hz), cathodal DCS had no effect (Figure
3C; control: 99.3±1.1%, n=9; cathodal DCS: 100.8±4.0%, n=7; p = 0.68). When paired with strong synaptic
activity (20 Hz HFS) but NMDARs were blocked with antagonist MK-801, cathodal DCS also had no effect
(Figure 3B, control: 92.0±1.6%, n=10; cathodal DCS: 94.3±2.3%, n=9; p = 0.42). These results suggest that
DCS may act as a modulator of endogenous synaptic plasticity, rather than an inducer of de novo synaptic
plasticity.
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Figure 3. DCS requires an endogenous source of NMDAR plasticity. A: Schematic depicts cathodal DCS
(blue) of a hippocampal slice, with expected membrane polarization of CA1 pyramidal neuron (enlarged at
right; prediction based on computational model created as described in Rahman et al. 2013). B: Cathodal DCS
with 20 Hz HFS has no effect on synaptic strength when NMDARs are blocked with antagonist MK-801 C:
Cathodal DCS applied during synaptic activity that is too weak to induce plasticity (30 pulses at 1/60 Hz) has
no effect on synaptic strength. Grey bars indicate duration of induction and concurrent DCS. Data are
represented as mean ± SEM across slices.

7.5 Acute effects of DCS on synaptic transmission
To determine whether the effects of DCS were already apparent in acute synaptic effects , I examined
several measures of baseline synaptic transmission. However, one-way ANOVAs yielded no significant effect
of stimulation on fEPSP slope (Figure 4A; F=0.23,df=1,p=0.63), fiber volley amplitude (Figure 4B,
F=0.33,df=1,p=0.57), or paired pulse ratio (Figure 4C; F=0.11,df=1,p=0.74).

Figure 4. No significant effects on baseline synaptic transmission. DCS had no significant effect on fEPSP
slope (A), fiber volley amplitude (B), or paired pulse ratio (C), in apical or basal dendrites, or when NMDARs
were blocked with MK-801. Data are represented as mean ± SEM across slices. ns = p > 0.05.
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8. Discussion
8.1 LTP, LTD, and learning
There is now strong evidence for a role of both LTP and LTD-like processes in various types of learning
and memory [38]–[40], [80]–[82]. At the behavioral level, learning is likely to involve both of these processes,
with the precise degree of each depending on the specific behavior. For example, some learned behaviors
directly require habituation to a familiar stimulus and are specifically dependent on LTD [83], [84]. Other
learned behaviors involve formation of new associations and responses to the environment, which require LTP
and are eliminated by LTD [38], [39]. I observed that LTP is facilitated in dendrites that are depolarized by
DCS. This cellular DCS effect may contribute to enhanced learning when tDCS is paired with training that
induces plasticity, such as motor rehabilitation [40], [85]. Indeed, similar shifts in the FRF have been linked to
facilitation of learning on both theoretical and experimental grounds [15]. I also observed a reduction of LTD
for both stimulation polarities (Figure 2B). One may therefore expect that these effects would disrupt learning
that requires LTD.

8.2 Plasticity dependence may underlie task-specific effects
When tDCS is paired with training, the observed effects are often specific to the trained task [4], [86].
While electrodes are typically placed over an intended target region, it is unlikely that task specificity is solely
the result of spatial selectivity of current flow. Even in the most focal tDCS applications (e.g. HD-tDCS),
current flow through the brain is diffuse, reaching large swaths of cortex and subcortical structures [87], [88].
Moreover, within any particular brain region, there are likely to be neurons involved in many disparate memory
engrams or behaviors. The common assumption that tDCS induces plastic effects indiscriminately [25], or even
at weakly active synapses [12], therefore implies broad effects on any cognitive output in the stimulated brain
regions. This is at odds with the observed specificity of effects. Instead, to explain task-specificity tDCS may
act as a selective modulator of endogenous synaptic plasticity. These results support this hypothesis, as DCS
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had no effect when synaptic input was too weak (Figure 3C) or when NMDARs were blocked during strong
synaptic input (Figure 3B), indicating that synaptic efficacy is modulated by DCS only when NMDARdependent plasticity is present. This provides a basis for effects to be task-specific, as synapses associated with
the paired task are more likely to be undergoing plasticity and therefore subject to modulation during tDCS.
Moreover, this predicts that tDCS effects should be enhanced when paired with tasks that induce synaptic
plasticity. Indeed, there is some evidence for this [4], [89]. The precise role of endogenous synaptic activity in
DCS effects remains an important area for future research.

8.3 A potential role for dendritic membrane polarization
Under the conventional excitability hypothesis, ‘anodal tDCS’ is assumed to produce inward cortical
current flow, which depolarizes pyramidal neuron somas and hence increases cortical excitability. ‘Cathodal
tDCS’ is soma-hyperpolarizing and thus should reduce cortical excitability [25]. However, it is becoming
increasingly clear that this reasoning is an oversimplification, particularly when it comes to long-term effects
and learning [36], [90], [91]. While effects on somatic membrane potential must still be considered, these
results here point to a potential role for dendritic membrane polarization in determining DCS effects on synaptic
plasticity.
Membrane polarization due to DCS can in principle affect the function of all voltage-dependent
channels distributed throughout a neuron, particularly the relief of NMDARs from magnesium blockade. This
influence may be most pronounced in dendrites, where DCS has been shown to modulate excitability involving
multiple voltage-dependent channels [75]. While I do not directly measure membrane polarization in the present
experiments, our group has done this previously with the same preparation, showing membrane polarization to
be maximal in dendrites (Bikson et al. 2004, figure 10), with opposite polarization in apical and basal dendrites.
Indeed I observe modulation of synaptic plasticity that is consistent with this variable dendritic, rather than a
singular somatic polarization effect (Figure 2).
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Given that DCS effects can vary with dendritic location, tasks that activate synaptic pathways with
different dendritic locations may respond differently to the same stimulation. A lack of control over the location
of active pathways could therefore lead to highly variable results in clinical studies. Attention to dendritic
polarization may therefore help to explain mixed effects observed in tDCS outcomes [36], [71], [73], [90]. This
motivates a shift away from the conventional focus on somatic polarization, which implies fixed excitability
changes for an entire brain region.
While these results are consistent with a role for DCS-induced dendritic polarization, I cannot rule out
the involvement of other cellular DCS effects, such as on inhibitory interneurons, glia, neuromodulators
systems, or immune response [6]. Further investigation into the involvement of these systems is an important
area for future work. The lack of effects observed on fiber volleys and paired pulse ratio suggest that DCS does
not affect recruitment or vesicle release probability at presynaptic terminals. This is expected, as Schaffer
collateral fibers are oriented perpendicular to the applied DCS electric field vector. While previous studies have
reported effects on fEPSP slope, the lack of an effect here may result from a smaller sample size and weaker
fields [16], [51], [57].

8.4 Low frequency stimulation effects
The horizontal axis of the FRF is often equated with the degree of postsynaptic calcium influx during
induction. HFS leads to strong calcium influx and triggers LTP, while LFS leads to moderate calcium influx
and LTD. Based on this calcium control hypothesis, I expected DCS-induced dendritic polarization to modulate
calcium influx through NMDARs and produce horizontal shifts in the FRF [15]. The effects I observe with 1
Hz LFS may therefore be expected, as a horizontal shift of the FRF in either direction would result in less LTD
if 1 Hz is near the point of maximum LTD (minimum synaptic strength). This interpretation is less adequate in
accounting for the effect observed at 0.5 Hz LFS (Figure 1C), as a left horizontal shift would produce more
LTD at 0.5 Hz. However, recent evidence suggests a deviation from the calcium control hypothesis, as LTD
26

can be induced by metabotropic NMDAR function rather than calcium influx [74], [92]–[95]. The calcium and
voltage dependence of LTD remains controversial though [94], [96], making it more difficult to interpret results
with LFS. I also note that the duration of DCS was particularly long with 0.5 Hz LFS (30 minutes), potentially
producing effects that occur on longer time scales, such as on protein synthesis. For example, priming of
BDNF synthesis at the start of DCS [9] may lead to increased BDNF release later on during DCS, which
reduces LTD [77]. Future experiments directly measuring calcium influx during these induction protocols may
provide some resolution to these issues.

8.5 Effect asymmetry
These results demonstrate an asymmetric DCS effect on synaptic plasticity, such that DCS was only able
to increase synaptic strength (enhance LTP, reduce LTD). Asymmetries have been found in other animal
studies [10], [13] and human studies [1], [36]. In parallel work in our lab, we find an asymmetry in acute DCS
effects on cellular excitability. This nonlinearity could be the result of the nonlinear voltage dependence of
NMDARs [97]. Similarly, these asymmetries may reflect floor or ceiling effects of any number of cellular
processes, where the endogenous state is such that it can only be modulated in one direction.

8.6 Conclusions and context
DCS is likely to affect many cellular processes simultaneously [6]. Previous studies in animals [9]–[14],
[98] and humans [48], [99], [100] have implicated various effects related to synaptic plasticity (NMDAR,
BDNF, adenosine, norepinephrine). However, it remains unknown exactly how the DCS electric field interacts
with cellular activity to produce these effects. The brain slice preparation used here allows for precise control
over the electric field with respect to neuronal morphology and synaptic activity, facilitating a bottom-up
approach. It will be important for future work to synthesize in vitro mechanisms with in vivo tDCS effects in
both rodent models and humans.
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DCS-induced membrane polarization is often cited as a source of effects [24], but the polarization
profile of a neuron during DCS will be as complex as its morphology [51] and the effects of polarization are
likely to vary with the endogenous activity of the neuron. I demonstrate here that the effects of DCS vary with
the spatial and temporal properties of the endogenous synaptic activity that it is paired with (Figure 2). These
results highlight the complexity of DCS interactions with neuronal morphology and activity, motivating a
departure from the canonical excitability hypothesis, which implies singular effects for an entire brain region.
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